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ABSTRACT
One of the unsettled, important problems in active galactic nuclei (AGNs) is the major ionization
mechanism of gas clouds in their narrow-line regions (NLRs). In order to investigate this issue, we
present our J-band spectroscopic observations for a sample of 26 nearby Seyfert galaxies. In our study,
we use the flux ratio of the following two forbidden emission lines, [Fe ii]1.257µm and [P ii]1.188µm
because it is known that this ratio is sensitive to the ionization mechanism. We obtain the [Fe ii]/[P ii]
flux ratio or its lower limit for 19 objects. In addition to our data, we compile this flux ratio (or its
lower limit) of 23 nearby Seyfert galaxies from the literature. Based on the collected data, we find
that three Seyfert galaxies show very large lower limits of [Fe ii]/[P ii] flux ratios (&10); NGC 2782,
5005, and Mrk 463. It is thus suggested that the contribution of the fast shock in the gas excitation is
significantly large for them. However, more than half of Seyfert galaxies in our sample show moderate
[Fe ii]/[P ii] flux ratios (∼2), that is consistent to the pure photoionization by power-law ionizing
continuum emission. We also find that the [Fe ii]/[P ii] flux ratio shows no clear correlation with the
radio loudness, suggesting that the radio jet is not the primary origin of shocks in NLRs of Seyfert
galaxies.
Subject headings: galaxies: active — galaxies: nuclei — galaxies: Seyfert — infrared: galaxies
1. INTRODUCTION
For these two decades, it has been observation-
ally suggested that the evolution of galaxies is inti-
mately related to the growth of supermassive black holes
(SMBHs) in galactic nuclei based on various scaling re-
lations between the mass of SMBHs (MBH) and proper-
ties of their host galaxies (e.g., Magorrian et al. 1998;
Marconi & Hunt 2003; Di Matteo et al. 2005; see, for
reviews, Kormendy & Richstone 1995; Kormendy & Ho
2013). It is also known that a significant fraction of
galaxies shows the nuclear activity that is driven by the
gas accretion onto a SMBH (Rees 1984; Ho et al. 1997b).
Such active galactic nuclei (AGNs) emit huge radiative
energy. In addition to the strong radiation, AGNs some-
times show strong outflows in various forms that are
recognized as the radio jet (e.g., Wilson & Willis 1980;
Gallimore et al. 2006), broad absorption-line (BAL) fea-
ture (e.g., Weymann et al. 1991; Gibson et al. 2009),
ultra-fast outflow (UFO; e.g., Cappi 2006; Tombesi et al.
2010), and so on. The released radiative and mechanical
energies are expected to give significant impacts on vari-
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ous properties of the inter-stellar medium (ISM) in host
galaxies, that may lead to the termination of the star-
forming activity. This “AGN feedback” possibly takes
an important role in the galaxy-SMBH coevolution, and
therefore extensive observational efforts have been made
to understand the AGN feedback phenomena (see Fabian
2012 for a review).
For studying the AGN feedback, one interesting ap-
proach is focusing on the narrow-line region (NLR) in
AGNs. This is because (1) the typical spatial scale
of the NLR is ∼ 101−4 pc, covering the spatial scale
of host galaxies, and (2) the ionized gas clouds in
the NLR radiate a variety of emission lines that en-
able us to diagnose physical and chemical properties
of the ISM in NLRs. It is widely believed that the
dominant ionization mechanism of ionized gas clouds
in NLRs is the photoionization by ionizing photons
from the AGN central engine (e.g., Binette et al. 1996;
Komossa & Schulz 1997; Groves et al. 2004). However
it has been sometimes claimed that the fast shocks may
also contribute significantly to the ionization in NLRs of
some AGNs (e.g., Knop et al. 1996; Bicknell et al. 1998;
Wilson & Raymond 1999; Fu & Stockton 2007). The
discrimination of ionization mechanisms of gas clouds in
the NLR is important in terms of the AGN feedback, be-
cause it is closely related to the question either radiative
or mechanical heating is important for the gas in NLRs.
Unfortunately, emission-line diagnostics in the rest-frame
optical and ultraviolet range are not powerful to discrim-
inate the ionization mechanism of NLR gas clouds, since
the photoionization by the power-law spectral energy dis-
tribution (SED) and the fast shock result in very similar
emission-line flux ratios (e.g., Dopita & Sutherland 1995,
1996; Allen et al. 2008).
A powerful method to distinguish the ionization mech-
anism of NLR gas clouds was proposed by Oliva et al.
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(2001). They reported that the flux ratio of two
forbidden emission lines seen in near-infrared J-band,
[P ii]1.188µm and [Fe ii]1.257µm, is useful to distin-
guish the ionization mechanism. The reason is as fol-
lows. These two transitions have similar critical densi-
ties (ncr = 5.3×10
4 cm−3 for [P ii]1.188µm and ncr =
3.5×104 cm−3 for [Fe ii]1.257µm at 10,000 K; Koo et al.
2013), and the ionization potentials of the related ions
are both below 13.6 eV that is the hydrogen ioniza-
tion potential (7.9 eV for [Fe ii] and 10.5 eV for [P ii]).
Therefore these two lines should arise at similar locations
in NLRs; more specifically, they are both mainly from
the partially-ionized gas (see, e.g., Mouri et al. 2000).
Consequently their flux ratio should be almost propor-
tional to the gas-phase abundance ratio of the phospho-
rus and iron. Here the iron is a well known refrac-
tory species, and thus most of iron is locked into dust
grains usually. On the other hand, the depletion of
phosphorus onto dust grains is only moderate (see, e.g.,
Cardelli et al. 1991). This means that the gas-phase el-
emental abundance ratio of the iron to the phosphorus
in NLR gas clouds photoionized by the power-law ion-
izing radiation is significantly lower than the solar ele-
mental abundance ratio due to the selective depletion of
the iron. However dust grains are easily destroyed due to
fast shocks, and thus the relative abundance of the gas-
phase iron in shock-dominated NLRs should be much
higher than that in photoionized gas clouds. Therefore,
the flux ratio of [Fe ii]/[P ii] is expected to be much
higher in shock-dominated clouds (& 20) than in pho-
toionized clouds (∼ 2). Observations of nearby AGNs
show that the measured [Fe ii]/[P ii] flux ratio is ac-
tually in the range of ∼2–20 (Storchi-Bergmann et al.
2009; Riffel et al. 2010; Riffel & Storchi-Bergmann 2011;
Scho¨nell et al. 2014), and the flux ratio varies also with
the location in the NLR (e.g., Storchi-Bergmann et al.
2009; Riffel et al. 2010, 2014, 2015; Hashimoto et al.
2011; Riffel & Storchi-Bergmann 2011; Scho¨nell et al.
2014). Note that this flux ratio is totally free from the
dust reddening thanks to the narrow wavelength separa-
tion between the two lines, which makes this flux ratio a
powerful diagnostic tool for investigating the ionization
mechanism of NLRs.
Though the [Fe ii]/[P ii] flux ratio is an interesting tool
to explore the nature of the AGN feedback at the NLR
scale, this emission-line flux ratio has not been measured
in many objects so far (∼ 20 objects; e.g., Oliva et al.
2001; Ramos Almeida et al. 2006, 2009; Riffel et al.
2006, 2013; Jackson & Beswick 2007; Krajnovic´ et al.
2007; Hashimoto et al. 2011; Riffel & Storchi-Bergmann
2011; Scho¨nell et al. 2014; Riffel et al. 2015). Therefore
it is hard to carry out various statistical analyses on the
[Fe ii]/[P ii] flux ratio currently. Also the small sample
size does not allow us to investigate possible connections
between the NLR ionization and AGN outflows such as
the radio jet, BAL, and UFO, given the fact that the
fraction of AGNs showing those outflow features is rel-
atively low (∼10% for radio jets, ∼10% for BALs, and
∼35% for UFOs; see, e.g., Tombesi et al. 2010).
In this paper, we present the result of our J-band spec-
troscopic observations of the central region in a num-
ber of nearby Seyfert galaxies aiming at investigating
the [Fe ii]/[P ii] flux ratio and examining the ionization
mechanism of gas clouds in the NLR. In Section 2, we
describe the details of our observations and the data re-
duction procedure. In Section 3, we summarize the ob-
tained results. We discuss the implications of our results
in Section 4, and then we give the conclusion in Section
5.
2. OBSERVATIONS AND DATA REDUCTION
The targets were selected based on the optical
[O iii]λ5007 flux (given by Whittle 1992; Ho et al. 1997a;
Risaliti et al. 1999) for focusing on objects with rela-
tively strong NLR emission lines. Near-infrared long-
slit spectroscopic observations were carried out for 26
nearby Seyfert galaxies and associated standard stars
(for correcting the telluric absorption features and the
wavelength dependence of the sensitivity) from August
2010 to April 2011 with ISLE (Yanagisawa et al. 2006,
2008), a near-infrared imager and spectrograph for the
Cassegrain focus of the 188 cm telescope at Okayama As-
trophysical observatory (OAO). The detector (a HAWAII
1k × 1k array) provides a 4′.3 × 4′.3 field of view with
0′′.25 pixel−1 spatial sampling. The observations were
performed in J-band (1.11−1.32µm) with using a 2′′.0-
width longslit, and the typical nodding width was ∼ 30′′
(∼120 pixels). The slit was oriented to PA=90◦ (E-W)
for all targets. The unit exposure time was 120 sec, and
the total on-source integration times for science targets
was 18–288 min, depending on the target. The achieved
spectral resolution is ∼ 1300, that is measured from the
width of observed OH airglow emission lines. The typical
seeing size was ∼ 1′′.0 − 2′′.0, that is inferred from the
spatial extension of standard stars on the 2 dimensional
spectra. We summarize the redshifts, J-band magnitude,
the AGN activity type, total exposure time, date of ob-
servations for each target, and also the corresponding
standard star, in Table 1.
The data analysis was performed with using IRAF soft-
ware (Tody 1986, 1993) by the standard manner; i.e., the
flat fielding, background subtraction, stacking the indi-
vidual spectra, spectral extraction from 2 dimensional
spectra, wavelength calibration, correction for the at-
mospheric absorption and sensitivity function using the
spectra of standard stars, and finally the conversion of
the spectra from the observed frame to the rest frame.
We adopted a 2′′.0 (8 pixels) aperture for the spectral
extraction, by taking account of the seeing size during
the observations. The magnitude and spectral type of
standard stars were collected from the 2MASS (Two Mi-
cron All Sky Survey) All-Sky Catalog of Point Sources
(Cutri et al. 2003) and the Hipparcos and Tycho cata-
logues (ESA 1997), respectively. During the process of
the correction for the atmospheric absorption and sensi-
tivity function, a blackbody spectrum with the temper-
ature corresponding to the spectral type was assumed as
the intrinsic spectrum. The fluxes, central wavelengths,
and FWHMs (full width at half maximums) for the de-
tected emission lines were measured with an IRAF com-
mand splot, assuming a single Gaussian for each emis-
sion line. For undetected emission lines, we calculate
the 3σ flux upper limit based on the rms of the spec-
tra around the expected wavelength assuming a velocity
width of 500 km s−1 in FWHM, that is the typical value
for detected emission lines in our observations.




b Typec Exposure time Date Standard stard mJ
e
(mag) (min) (mag)
NGC 1667 0.0152 9.92 Sy 2 114 2011 January 13 HIP 20507 (A2V) 5.09
NGC 2273 0.0061 9.45 Sy 2 94 2011 January 15, 16 HIP 30060 (A2V) 4.28
NGC 2782 0.0085 9.79 Sy 2 552 2011 January 13, 15 HIP 45590 (A1V) 5.76
2011 March 24, 27
NGC 3079 0.0037 8.44 Sy 2 68 2011 January 12 HIP 47006 (A2V) 4.63
NGC 3982 0.0037 9.77 Sy 1.9 18 2011 April 25 HIP 62402 (A9V) 5.45
NGC 4102 0.0028 8.76 LINER 110 2011 April 21, 28 HIP 62402 (A9V) 5.45
NGC 4169 0.0126 10.06 Sy 2 68 2011 January 12 HIP 60746 (A4V) 4.80
NGC 4192 −0.0005 7.82 LINER 48 2011 April 26 HIP 59819 (A3V) 5.17
NGC 4258 0.0015 6.38 Sy 2 48 2011 April 23 HIP 64906 (A0V) 5.15
NGC 4388 0.0084 8.98 Sy 2 36 2011 April 24 HIP 59819 (A3V) 5.17
NGC 4419 −0.0009 8.78 LINERf 60 2011 April 24 HIP 59819 (A3V) 5.17
NGC 4941 0.0037 9.09 Sy 2 48 2011 April 24 HIP 62983 (A2V) 5.87
NGC 5005 0.0032 7.46 LINER 100 2011 April 23 HIP 62641 (A3V) 5.40
NGC 5194 0.0015 6.40 Sy 2 168 2010 August 14−18 HIP 66234 (A5V) 4.53
NGC 5506 0.0062 9.71 Sy 2 212 2011 April 23, 28 HIP 68092 (A8V) 5.45
NGC 6500 0.0100 10.13 LINER 208 2010 August 16−18 HIP 91118 (A0V) 5.63
HIP 87192 (A1V) 5.99
NGC 6951 0.0048 8.31 Sy 2 74 2010 August 12 HIP 102253 (A8V) 5.18
Mrk 3 0.0135 10.03 Sy 2 56 2011 January 12 HIP 29997 (A0V) 4.97
Mrk 6 0.0188 11.08 Sy 1.5 64 2011 January 13 HIP 29997 (A0V) 4.97
Mrk 34 0.0505 12.77 Sy 2 26 2011 April 26 HIP 52478 (A0V) 5.80
Mrk 463 0.0504 12.16 Sy 2 160 2011 April 24, 26, 28 HIP 68276 (A0V) 5.67
Mrk 477 0.0377 12.95 Sy 2 84 2010 August 10, 12 HIP 71573 (A1V) 5.76
Mrk 509 0.0344 11.58 Sy 1.5 166 2010 August 14, 15 HIP 102618 (A1V) 3.85
Mrk 766 0.0129 11.10 Sy 1 84 2011 April 26 HIP 60746 (A4V) 4.80
Mrk 1073 0.0233 11.26 Sy 2 288 2010 August 12, 14−18 HIP 15648 (A3V) 4.80
MCG +08-11-011 0.0205 10.49 Sy 1.5 100 2011 January 12 HIP 25143 (A3V) 5.14
aRedshift taken from the NASA/IPAC Extragalactic Database (NED).
bApparent total J-band magnitude (in Vega), taken from 2MASS All-Sky Extended Source Catalog (Skrutskie et al. 2006).
cActivity classification is taken from Ve´ron-Cetty & Ve´ron (2010) unless a remark is given.
dSpectral type of each standard star is given in the parenthesis.
eApparent J-band magnitude (in Vega) taken from 2MASS All-Sky Catalog of Point Sources (Cutri et al. 2003).
fBoselli et al. (2014).
3. RESULTS
The fully reduced spectra of the 26 Seyfert galaxies
are shown in Figure 1. Here the flux scale is normal-
ized by the flux density of the continuum emission at
λrest = 1.235µm. The [P ii] emission is significantly de-
tected in 6 objects (NGC 5506, Mrk 3, Mrk 6, Mrk 477,
Mrk 1073, and MCG +08-11-011) among the 26 targets,
while 19 objects show the significant [Fe ii] emission.
The Paβ emission is also detected in 11 objects, but we
do not measure the emission-line properties of Paβ for
Mrk 6 and MCG +08-11-011 because of their very com-
plex spectral profiles. The measured central wavelength
and velocity width in FWHM for each detected emission
line are given in Table 2, and the derived flux ratios of
[Fe ii]/[P ii] and [Fe ii]/Paβ are given in Table 3. The
averages and standard deviations of velocity width of de-
tected emission lines are 717 ± 265 km s−1, 596 ± 337
km s−1, and 497 ± 321 km s−1 (for [P ii], [Fe ii], and
Paβ, respectively) in FWHM.
In addition to the results obtained in our observa-
tions, we also collected flux ratios of [Fe ii]/[P ii] and
[Fe ii]/Paβ from the literature in order to expand the
sample size to enable a better statistical analyses of the
flux ratios. The compiled flux ratios for 23 objects are
summarized in Table 4.
Figure 2 shows the histograms of the measured
[Fe ii]/[P ii] flux ratio or its lower limit of the objects
observed in our OAO observations and also compiled
from the literature. The averages and standard devi-
ations of the [Fe ii]/[P ii] flux ratio for [P ii]-detected
objects in our OAO sample and in the sample from the
literature are 4.24 ± 1.47 and 2.83 ± 1.15, respectively.
Note that Mrk 766 is included in both our OAO sample
and also the sample compiled from the literature, and
both of the two independent data of Mrk 766 are shown
in Figure 2. Specifically, Scho¨nell et al. (2014) reported
that [Fe ii]/[P ii] = 2.654±0.164, that is consistent with
our result ([Fe ii]/[P ii] > 2.483). Hereinafter we adopt
the flux ratio reported by Scho¨nell et al. (2014) for Mrk
766. Mrk 34 is also included in our sample and in the
sample from the literature; we adopt the flux ratio re-
ported by Jackson & Beswick (2007) since our OAO ob-
servation did not detect any emission lines (see Figure 1).
Our OAO observations show the presence of many nearby
AGNs with lower limits of [Fe ii]/[P ii] flux ratios, that
have not been often reported in the literature. This may
be partly because the lower limit of the [Fe ii]/[P ii] flux
ratio for [P ii]-undetected objects has been unreported
in the literature.
Figure 3 shows the histograms of the measured
[Fe ii]/[P ii] flux ratio or its lower limit for each AGN
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TABLE 2
Detected emission linesa
name [P ii] 1.188µm [Fe ii] 1.257µm Paβb 1.282µm
λobs FWHM λobs FWHM λobs FWHM
NGC 1667 − − 1.2763 164 − −
NGC 2273 − − 1.2648 354 1.2897 258
NGC 2782 − − 1.2681 300 1.2933 200
NGC 3079 − − 1.2611 446 − −
NGC 3982 − − − − − −
NGC 4102 − − 1.2603 229 1.2855 175
NGC 4169 − − − − − −
NGC 4192 − − − − − −
NGC 4258 − − − − − −
NGC 4388 − − 1.2566 511 1.2926 324
NGC 4419 − − 1.2561 301 1.2812 511
NGC 4941 − − 1.2616 475 1.2865 233
NGC 5005 − − 1.2604 1251 − −
NGC 5194 − − 1.2587 548 − −
NGC 5506 1.1957 340 1.2644 468 1.2900 808
NGC 6500 − − 1.2696 474 − −
NGC 6951 − − − − − −
Mrk 3 1.2045 1050 1.2737 1091 1.2989 1072
Mrk 6 1.2113 1017 1.2797 1062 − c − c
Mrk 34 − − − − − d − d
Mrk 463 − − 1.3199 1212 − d − d
Mrk 477 1.2333 480 1.3042 691 − d − d
Mrk 509 − − − − − d − d
Mrk 766 − − 1.2729 276 1.2984 888
Mrk 1073 1.2160 605 1.2859 470 − d − d
MCG +08-11-011 1.2127 812 1.2821 957 − c − c
aObserved central wavelength (µm) and FWHM (km s−1) where the latter is corrected for the instrumental broadening.
bNarrow component.
cNot measured due to complex spectral features.
dOut of the wavelength coverage in our observations.
TABLE 3
Emission-line flux ratios of the targets
Name [Fe ii]/[P ii] [Fe ii]/Paβ
NGC 1667 > 3.174 > 3.064
NGC 2273 > 5.406 0.876±0.086
NGC 2782 > 15.88 1.218±0.019
NGC 3079 > 4.481 > 4.048
NGC 4102 > 7.427 0.627±0.021
NGC 4388 > 5.896 0.614±0.038
NGC 4419 > 4.067 1.242±0.118
NGC 4941 > 4.880 1.525±0.155
NGC 5005 > 12.37 > 12.31
NGC 5194 > 3.512 > 6.660
NGC 5506 6.876±0.645 0.278±0.003
NGC 6500 > 4.349 > 8.259
Mrk 3 3.974±0.162 1.314±0.023
Mrk 6 3.508±0.245 − a
Mrk 463 > 17.46 − b
Mrk 477 4.330±0.414 − b
Mrk 766 > 2.280 0.071±0.007
Mrk 1073 2.460±0.168 − b
MCG +08-11-011 4.256±0.220 − a
Note. — 3σ lower limits.
aNot measured due to complex spectral features.
bPaβ is out of the wavelength coverage in our observations.
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Fig. 1.— Rest-frame J-band spectra of our sample galaxies. Flux density is normalized to the 1.235µm continuum level.
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TABLE 4
Emission-line flux ratios in the literature
Name za [Fe ii]/[P ii] [Fe ii]/Paβ Typeb Refc
NGC 34 0.0196 1.55±0.43 1.07±0.14 Sy 2 1
NGC 1068 0.0038 1.33±0.06 0.46±0.02 Sy 2 2
NGC 1275 0.0176 3.35±0.12 1.05±0.06 Sy 1.5 1
NGC 2110 0.0078 5.61±1.07 5.45±0.32 Sy 2 1
NGC 3227 0.0039 2.80±0.61 1.21±0.08 Sy 1.5 1
NGC 4151 0.0033 2.98±0.21 0.54±0.03 Sy 1.5 1
NGC 5128 0.0018 3.0d 2.3d FR Ie 3
NGC 5929 0.0083 4.3±1.1 − f LINER 4
NGC 7212 0.0266 3.64±0.42 0.86±0.05 Sy 2 5
NGC 7465 0.0065 > 3.42g 1.28±0.34 LINER 5
NGC 7469 0.0163 1.76±0.27 0.39±0.03 Sy 1.5 1
NGC 7674 0.0289 1.90±0.19 1.04±0.11 Sy 2 1
Mrk 34 0.0505 3.2±1.0 − f Sy 2 4
Mrk 78 0.0372 1.82±0.39 0.55±0.11 Sy 2 6
Mrk 79 0.0222 1.55±0.67 0.17±0.05 Sy 1 7
Mrk 334 0.0219 2.17±0.47 0.58±0.03 Sy 1.8 1
Mrk 348 0.0150 4.14±0.67 0.99±0.10 Sy 2 5
Mrk 573 0.0172 5.00±1.07 1.08±0.11 Sy 2 5
Mrk 766 0.0129 2.65±0.16 0.38±0.03 Sy 1 8
Mrk 1066 0.0120 2.74±0.24 0.79±0.03 Sy 2 5
Mrk 1157 0.0152 2.63±0.31 0.82±0.07 Sy 2 9
Ark 564 0.0247 2.07±0.40 0.09±0.01 LINER 1
ESO 428−G014 0.0057 1.99±0.11 0.67±0.02 Sy 2 1
aRedshift taken from the NASA/IPAC Extragalactic Database (NED).
bActivity classification is taken from Ve´ron-Cetty & Ve´ron (2010) unless a remark is given.
cReferences: (1) Riffel et al. (2006); (2) Hashimoto et al. (2011); (3) Krajnovic´ et al. (2007); (4) Jackson & Beswick (2007);
(5) Ramos Almeida et al. (2009); (6) Ramos Almeida et al. (2006); (7) Riffel et al. (2013); (8) Scho¨nell et al. (2014); (9)
Riffel & Storchi-Bergmann (2011).
dThe error of the flux ratio is not given in the literature.
eHardcastle et al. (2003).
fNot available in the literature.
g3σ lower limit.
type. The averages and standard deviations of the
[Fe ii]/[P ii] flux ratio for [P ii]-detected un-obscured
(i.e., type 1 and type 1.5) Seyfert galaxies (9 objects)
and obscured (i.e., type 2) Seyfert galaxies (16 objects)
are 2.78 ± 0.82 and 3.32 ± 1.53, respectively. Though
there may be a tendency that objects showing a large
[Fe ii]/[P ii] flux ratio are in the Seyfert 2 and LINER
samples, we cannot conclude it statistically because of
small sample sizes in this work. Note that a Fanaroff-
Riley type I (FR I) galaxy, NGC 5128, shows a moder-
ate value of the [Fe ii]/[P ii] flux ratio (∼3.0; see Table
4), despite the presence of a radio jet. We will discuss
the implication for the relation between the radio jet and
the ionization mechanism of the NLR gas clouds inferred
from the measured [Fe ii]/[P ii] flux ratio in Section 4.2.
4. DISCUSSION
4.1. Emission-line flux ratios of the targets
As shown in the previous section, we measured the flux
ratio of [Fe ii]/[P ii] for 6 objects with [P ii] detection in
our OAO sample and collected 22 objects from the litera-
ture, accordingly for a total of 28 [P ii]-detected objects.
The average and standard deviation of this flux ratio for
the 28 [P ii]-detected objects are 3.13 ± 1.33, and the
median value is 2.88 (see also Tables 3 and 4). This is
roughly consistent with the prediction of photoionization
models, that expect ∼2 for the [Fe ii]/[P ii] ratio (e.g.,
Oliva et al. 2001). On the other hand, some objects show
a much higher ratio of [Fe ii]/[P ii], reaching at ∼10 or
even more. As demonstrated by Oliva et al. (2001), such
a high [Fe ii]/[P ii] ratio suggests a significant contribu-
tion of fast shocks in the ionization of NLR gas clouds. It
is therefore concluded that shock-dominated NLRs actu-
ally exist, at least in some NLRs of AGNs in the nearby
Universe.
Some previous long-slit and integral-field unit (IFU)
observations show the spatial variation of the [Fe ii]/[P ii]
flux ratio in some nearby Seyfert galaxies, in the
sense that the [Fe ii]/[P ii] flux ratio increases
as a function of the distance from the nucleus
(e.g., Storchi-Bergmann et al. 2009; Riffel et al. 2010;
Hashimoto et al. 2011). The flux ratio reaches
up to ∼10 at the outer part of NLRs in NGC
4151 (Storchi-Bergmann et al. 2009) and Mrk 1066
(Riffel et al. 2010), suggesting that the shock contribu-
tion could be much more significant at the outer part
than the inner part of NLRs. This trend is a natural
consequence of the geometrical dilution of ionizing pho-
tons from the nucleus (see also, e.g., Jackson & Beswick
2007). However, the surface emissivity of emission lines
at the outer part of NLRs is much lower than the in-
ner part of NLRs generally, and thus the integrated
NLR spectrum of AGNs does not necessarily show shock-
dominated line-flux ratios even if the outer part of NLRs
shows such a high [Fe ii]/[P ii] flux ratio. Our OAO/ISLE
spectra are extracted at the nuclear 2′′.0 region, and
the extracted spectra should not be dominated by the
outer part of the NLR in the target AGNs. For exam-
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Fig. 1.— (Continued.)
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Fig. 2.— Histograms for our sample and the compiled one. Filled-
black histograms denote [P ii]-detected data while red-dashed
histograms denote [P ii]-undetected data. The data of [P ii]-
detected objects in our OAO sample, [P ii]-undetected objects in
our OAO sample, [P ii]-detected objects in the literature, and [P ii]-
undetected objects in the literature, are shown from the top to the
bottom panel. For the [P ii]-detected objects, 3σ lower limit of the
[Fe ii]/[P ii] flux ratio is shown.
Fig. 3.— Same as Figure 2 but for each AGN type. The type
1 Seyfert galaxies, type 1.5 Seyfert galaxies (including type 1.8
Seyfert galaxies), type 2 Seyfert galaxies, LINERs, and FR I radio
galaxies, are shown from the top to the bottom panel, respectively.
The filled-black and red-dashed histograms are the same as in Fig-
ure 2.
ining whether our OAO targets with a high flux ratio of
[Fe ii]/[P ii] are affected by such a possible aperture ef-
fect or not, we show the relation between the measured
[Fe ii]/[P ii] flux ratio and the physical scale covered
by the aperture size (= 2′′.0) at the target redshift in
Figure 4. Though a positive correlation between the
measured [Fe ii]/[P ii] flux ratio and the physical scale
covered by the adopted aperture is expected if the high
[Fe ii]/[P ii] flux ratio seen in our sample is caused by
the significant contribution of the outer part of NLRs,
Figure 4 does not show such a significant positive corre-
lation. This suggests that the high [Fe ii]/[P ii] flux ratio
seen in some objects in our OAO sample is not due to
the geometrically-diluted ionizing photons at the outer
part of NLRs.
It has been reported that the enhancement of the
[Fe ii]/Pa β flux ratio is seen in shock-excited regions,
not only the [Fe ii]/[P ii] flux ratio (e.g., Larkin et al.
1998; Mouri et al. 2000; Ramos Almeida et al. 2009;
Koo & Lee 2015), that is due mostly to the destruction of
dust grains by fast shocks. Figure 5 shows the clear posi-
tive correlation between the [Fe ii]/[P ii] and [Fe ii]/Pa β
flux ratios, i.e., objects showing a large [Fe ii]/[P ii] ra-
tio also show a large [Fe ii]/Pa β ratio. This positive
correlation has been reported by Ramos Almeida et al.
(2009) for a smaller sample (6 Seyfert galaxies), but now
the correlation is shown for a much larger sample in
this work. This supports the interpretation that a large
[Fe ii]/[P ii] ratio seen in NLRs of some AGNs is caused
by fast shocks.
Note that, at high ionization parameter where Comp-
ton heating becomes significant, the photoionization may
also destroy dust grains, resulting in higher [Fe ii]/[P ii]
ratios without fast shocks. Such objects should be dis-
tinguished by checking the relative strength of coronal
forbidden lines. In order to examine this possibility, we
investigate the relative strength of coronal forbidden lines
in our samples. We find the [Fe vii]λ6087/[O iii]λ5007
flux ratio for 21 objects (20 [P ii]-detected and 1 [P ii]-
undetected objects) from the literature (Nagao et al.
2000, 2003; Bennert et al. 2006). Note that this flux
ratio is very sensitive to the ionization parameter, in
the sense that a higher [Fe vii]λ6087/[O iii]λ5007 flux
ratio is achieved by a higher ionization parameter (see,
e.g., Figure 13 in Nagao et al. 2001). We also focus on
a mid-infrared coronal line of [Ne v]14.32µm, and com-
pile the [Ne v]14.32µm/[Ne ii]12.81µm flux ratio for 24
objects (17 [P ii]-detected and 7 [P ii]-undetected ob-
jects) from the literature (Pereira-Santaella et al. 2010;
Weaver et al. 2010; Wu et al. 2011; Petric et al. 2011;
Dasyra et al. 2011). Figures 6 and 7 show the rela-
tion between the [Fe ii]/[P ii] flux ratio and the rel-
ative strength of two coronal forbidden lines. Though
we expect a positive correlation in these figures if high-
ionization gas clouds without fast shocks result in high
[Fe ii]/[P ii] flux ratios, we do not see such a trend in both
figures. These results further support our conclusion that
a large [Fe ii]/[P ii] flux ratio seen in our samples is due
to fast shocks, not to the photoionization with a very
high ionization parameter.
4.2. Relation between the emission-line flux ratio and
radio loudness
As described already, large [Fe ii]/[P ii] ratios seen
in some AGNs are attributed by fast shocks in NLRs.
The most simple idea for the origin of the fast shocks in
NLRs is the effect of the AGN jet. Previous radio obser-
vations show that AGN jets exist not only in powerful
radio galaxies; actually less-powerful radio jets are seen
in many radio-quiet AGNs such as Seyfert galaxies, with
much smaller spatial extension than seen in powerful ra-
dio galaxies (e.g., Miller et al. 1993; Ulvestad et al. 1999;
Nagar et al. 2001). Therefore, such AGN jets including
small-scale weak jets may cause fast shocks in NLRs and
then the gas-phase iron abundance increases through the
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Fig. 4.— Relation between the measured [Fe ii]/[P ii] flux ratio
and the physical scale covered by the aperture size (= 2′′.0) at
the target redshift. Red diamonds and blue circles denote [P ii]-
detected and [P ii]-undetected objects in our OAO sample, respec-
tively. For the [P ii]-undetected objects, the 3σ lower limit of the
[Fe ii]/[P ii] flux ratio is shown.
Fig. 5.— Relation between the [Fe ii]/[P ii] and [Fe ii]/Paβ flux
ratios. Red diamonds and blue circles are the same as in Figure 4,
while green squares and black triangles denote [P ii]-detected and
[P ii]-undetected objects in the sample from the literature. Arrows
denote 3σ limits on the emission-line flux ratio.
grain destruction or the sputtering process, resulting in
a large [Fe ii]/[P ii] ratio observed in some AGNs.
For examining whether the observed large [Fe ii]/[P ii]
ratio seen in some AGNs is actually attributed to the
AGN jet or not, the most straightforward test is to in-
vestigate the relation between the [Fe ii]/[P ii] ratio and
the power of the AGN jet. For quantifying the power
of the AGN jet, we adopt the radio loudness (R) that
is defined as the ratio of the flux density of the radio (5
GHz) to the optical (4400 A˚), i.e.,
R =
5 GHz flux density
4400 A˚ flux density
(1)
(Kellermann et al. 1989). In this definition, AGNs are
classified as radio-loud and radio-quiet populations at the
threshold of R = 10 (Kellermann et al. 1989). We cal-
culate the radio loudness by compiling the optical and
Fig. 6.— Relation between the [Fe ii]/[P ii] and the
[Fe vii]λ6087/[O iii]λ5007 flux ratios. Red diamonds and blue
circles denote [P ii]-detected and [P ii]-undetected objects, respec-
tively. Arrows denote 3σ limits on the emission-line flux ratio.
Fig. 7.— Relation between the [Fe ii]/[P ii] and the
[Ne v]14.32µm/[Ne ii]12.81µm flux ratios. Symbols are the same
as in Figure 6.
Fig. 8.— Relation between the [Fe ii]/[P ii] flux ratio and the
radio-loudness (R). Symbols are the same as in Figure 5. Perpen-
dicular dashed line shows the threshold dividing the radio-loud and
radio-quiet populations.
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radio flux densities from previous observations, for both
our OAO sample and the sample from the literature. For
the cases that multiple photometric data are available,
we use the data whose aperture size is as small as possi-
ble for avoiding any contributions from the host galaxy.
From the compiled photometric data, we derive the flux
density at 5 GHz and 4400 A˚ by adopting the typical
spectral index of Seyfert galaxies, i.e., −0.5 (optical) and
−0.7 (radio) respectively (Singh et al. 2015).
Figure 8 shows the [Fe ii]/[P ii] flux ratio as a function
of the radio loudness, in the logarithmic scale. There is
no apparent positive or negative correlation between the
[Fe ii]/[P ii] flux ratio and the radio loudness. For the
[P ii]-detected objects, there is no statistically significant
difference in the average value of the [Fe ii]/[P ii] flux ra-
tio between the radio-loud and radio-quiet populations;
3.67 ± 1.09 for 9 objects with R > 10 (i.e., radio-loud, in-
cluding NGC 5128 that is a FR I radio galaxy) while 2.87
± 1.38 for 19 objects with R < 10 (i.e., radio-quiet). We
thus conclude that the [Fe ii]/[P ii] flux ratio is not de-
termined primarily by the AGN jet. Note that this con-
clusion does not change even when the [P ii]-undetected
objects are taken into account, because there is only 1
[P ii]-undetected (Mrk 463) in the radio-loud domain in
our samples. This result strongly suggests that the ra-
dio jet is not the main origin of fast shocks in NLRs of
AGNs.
4.3. Relation between the emission-line flux ratio and
kinematics
As described in Section 1, the [Fe ii] and [P ii] emis-
sion lines arise at similar locations in the NLR due to the
similarity of the critical density and ionization potential.
Therefore, the velocity profiles of these two lines are ex-
pected to be similar in each other. However, NLR clouds
affected by fast shocks may be kinematically disturbed.
Therefore the velocity profile of [Fe ii] and [P ii] emis-
sion lines may tell us some hints about the contribution of
fast shocks in NLRs. Figure 9 shows the relation between
the [Fe ii]/[P ii] flux ratio and the FWHM ratio of [Fe ii]
and [P ii], and we see a significant positive correlation
between the two quantities. Specifically, AGNs showing
a larger [Fe ii]/[P ii] flux ratio tend to show wider [Fe ii]
velocity profile with respect to the [P ii] velocity profile.
The linear fit to this correlation results in the relation of






(see Figure 9). Note that this positive correlation is not
expected if all of the observed flux of the [Fe ii] and
[P ii] emission lines comes from NLR clouds excited by
fast shocks, because in this case both [Fe ii] and [P ii] ve-
locity profiles should be disturbed similarly by the shock
and thus the FWHM ratio is expected to be ∼1. The
observed correlation shown in Figure 9 is explained by
the mixture of the photoionized cloud and shock-excited
cloud in NLRs. More specifically, the [Fe ii] flux of AGNs
with a large [Fe ii]/[P ii] flux ratio is significantly at-
tributed by fast shocks while the [P ii] flux is largely at-
tributed by photoionized clouds in the NLR. This picture
is consistent to the fact that the observed [Fe ii]/[P ii]
Fig. 9.— Relation between the [Fe ii]/[P ii] flux ratio and the
FWHM ratio of [Fe ii] and [P ii] for objects whose [Fe ii] and [P ii]
are detected in our OAO run. Dashed line represents the linear-fit
result.
flux ratio does not reach up to the value expected by
pure shocks (∼20).
4.4. Origin of the fast shock in NLRs
As already described, our results show that the ra-
dio jet is not the primary origin of fast shocks in
NLRs, at least low-z AGNs investigated in this work.
Then, what is the origin of fast shocks in NLRs? Re-
cently, powerful AGN-driven outflows are observed in
some high-z (e.g., Maiolino et al. 2012; Carniani et al.
2015) and low-z AGNs (e.g., Rupke & Veilleux 2011;
Garc´ıa-Burillo et al. 2014; Feruglio et al. 2015). The
possible launching mechanisms of powerful AGN out-
flows are the radiation pressure from the UV photons
and/or line-force (e.g., Murray et al. 1995; Binette et al.
1997; Proga et al. 2008; Nomura et al. 2016), thermally
driven (e.g., Begelman et al. 1983; Krolik & Kriss 2001),
magnetocentrifugal force due to an accretion disk (e.g.,
Blandford & Payne 1982; Konigl & Kartje 1994). Those
outflows are characterized by broad (FWHM & 1000 km
s−1) and/or blueshifted emission lines, mostly extending
up to the kpc scale. The opening angle of those out-
flows is much wider than that of radio jets generally,
and such powerful outflows are seen not only in radio-
loud AGNs. Therefore it is strongly suggested that the
main driving source of those AGN outflows is not the
radio jet. For example, Feruglio et al. (2015) reported
the discovery of a molecular outflow spreading ∼1 kpc
toward all directions from the nucleus of a type 1 Seyfert
Mrk 231 (that is known also as an ultra-luminous in-
frared galaxy; ULIRG) based on CO(2-1) observations.
The inferred mass-outflow rate and kinetic energy of the
molecular outflow are M˙ = 500 − 1000 M⊙yr
−1 and
E˙kin = 7−10×10
43 erg s−1 that corresponds to 1–2% of
the AGN bolometric luminosity. Similarly, Cicone et al.
(2014) reported the ratio of the kinetic energy of the
outflow to the AGN bolometric luminosity in 14 low-z
luminous AGNs (including ULIRGs) is up to 5%, also
based on CO observations. The value of this ratio is close
to predicted value from theoretical model for explaining
the MBH − σ relation in local galaxies (e.g., Silk & Rees
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TABLE 5
Various properties of our samples
Name [Fe vii]/[O iii] Ref [Ne v]/[Ne ii] Ref f5GHz Ref f4400 Ref log R log LFIR log νLν(Ks)
(mJy) (mJy) (L⊙) (L⊙)
objects observed at OAO
NGC 1667 – 0.131 4 5.0 9 24.1±7.08 19 −0.68 10.55 10.38
NGC 2273 – 0.113 5 2.4 10 49.4±9.44 19 −1.31 10.00 10.05
NGC 2782 – – 44.05 11 66.9±9.91 19 −0.18 9.89 9.65
NGC 3079 – 0.008 5 120.15 11 124±17.1 19 −0.01 10.47 10.12
NGC 3982 – – 1.63 11 82.7±13.1 19 −1.71 9.80 9.59
NGC 4102 – – 91.60 11 72.7±10.8 19 0.10 10.48 9.61
NGC 4169 – – 0.59 11 23.0±4.14 19 −1.59 10.29 10.32
NGC 4192 – – 6.88 11 222±21.4 19 −1.51 9.49 10.09
NGC 4258 – – 2.43 11 819±121 19 −2.53 9.46 10.01
NGC 4388 – 0.600 5 18.46 11 76.1±5.82 19 −0.62 9.86 9.86
NGC 4419 – – 16.20 11 60.5±4.62 19 −0.57 9.64 9.82
NGC 4941 – 0.554 5 4.92 11 61.6±14.5 19 −1.10 8.93 9.63
NGC 5005 – – 18.78 11 191±30.4 19 −1.01 10.25 10.51
NGC 5194 – 0.068 5 6.04 11 994±147 19 −1.22 9.71 10.06
NGC 5506 0.0048 1 0.716 5 138.53 11 21.5±3.89 19 0.81 9.86 9.93
NGC 6500 – – 35.8 10 25.7±4.91 19 0.14 9.86 10.40
NGC 6951 – – 36±8 12 73.3±11.7 19 −0.31 10.17 10.19
Mrk 3 0.0076 1 0.640 5 355.59 13 16.2±2.75 19 1.34 10.33 10.47
Mrk 6 0.0085 1 0.336 5 98.5 13 4.76±0.76 19 1.32 10.12 10.59
Mrk 34 0.0066 1 – 7.91 11 2.56±0.71 20 0.49 10.73 10.49
Mrk 463 0.0030 2 1.935 5 150.81 11 4.42±0.85 19 1.53 11.14 11.09
Mrk 477 0.0087 1 – 24.28 11 4.89±1.35 20 0.70 10.75 10.07
Mrk 509 – – 7.87±0.41 14 7.76±2.14 20 0.01 11.07 11.22
Mrk 766 0.1524 1 0.913 5 16.54 11 10.7±2.16 19 0.19 10.25 10.01
Mrk 1073 – 0.525 6 38.58±1.19 14 14.1±4.49 19 0.44 11.13 10.42
MCG +08-11-011 0.0376 1 – 100.90±3.57 14 4.26±0.86 21 1.37 11.13 11.26
objects from the literature
NGC 34 – – 44.39±5.79 15 2.58±0.01 22 1.24 11.24 10.28
NGC 1068 0.0187 1 1.941 5 1650.25 11 577±85.5 19 0.46 10.66 10.35
NGC 1275 – – 3100±160 16 45.4±5.78 19 1.83 10.71 10.89
NGC 2110 0.0070 1 0.087 7 104.80±4.92 17 6.66±0.43 23 1.20 9.95 10.30
NGC 3227 0.0070 1 0.348 5 33.96 11 98.5±16.7 19 −0.46 9.85 10.08
NGC 4151 0.0142 1 0.588 5 135.83 11 186±27.6 19 −0.14 9.30 9.80
NGC 5128 – 0.117 5 52662±2662 18 3540±756 19 1.17 9.65 10.04
NGC 5929 – 0.085 5 28.95 11 10.92±0.29 24 0.42 10.35 10.05
NGC 7212 0.0048 3 – 42.29 11 3.89±1.73 25 1.04 10.84 10.51
NGC 7465 – – 8.53±0.57 14 20.2±3.86 19 −0.37 9.61 9.51
NGC 7469 0.0440 1 0.060 5 59.73 11 27.4±3.77 19 0.34 11.27 10.58
NGC 7674 0.0159 1 1.050 5 72.48 11 16.7±3.18 19 0.64 10.78 10.37
Mrk 34 0.0066 1 – 7.91 11 2.56±0.71 20 0.49 10.73 10.49
Mrk 78 0.0100 1 – 17.37±3.86 15 5.88±1.63 20 0.47 10.62 10.38
Mrk 79 0.0299 1 0.660 5 6.09 11 19.3±3.69 19 −0.50 10.64 10.80
Mrk 334 – 0.433 4 9.65±3.86 15 7.68±1.38 19 0.10 10.82 10.36
Mrk 348 0.0165 1 0.363 5 801.7 9 5.72±1.16 19 2.15 9.99 10.07
Mrk 573 0.0133 1 – 5.64 11 14.4±2.13 19 −0.41 9.99 10.05
Mrk 766 0.1524 1 0.913 5 16.54 11 10.7±2.16 19 0.19 10.25 10.01
Mrk 1066 – 0.084 8 36.67±3.86 15 14.9±2.21 19 0.39 10.62 9.97
Mrk 1157 0.0180 1 – 13.65±0.45 14 11.8±2.14 19 0.06 10.17 10.08
Ark 564 0.041 1 – 11.93±0.41 14 6.26±1.48 19 0.28 10.23 10.22
ESO 428-G014 – – 33.50±1.23 14 21.2±4.51 19 0.20 9.57 9.68
Note. — References: (1) Nagao et al. 2000; (2) Nagao et al. 2003; (3) Bennert et al. 2006; (4) Wu et al. 2011; (5) Pereira-Santaella et al.
2010; (6) Petric et al. 2011; (7) Weaver et al. 2010; (8) Dasyra et al. 2011; (9) Gallimore et al. 2006; (10) 1.4 GHz data from
Nagar et al. 2005; (11) FIRST catalog (Faint Images of the Radio Sky at Twenty-cm); (12) Sramek 1975; (13) 4.89 GHz data from
Laurent-Muehleisen et al. 1997; (14) 1.4 GHz data from Condon et al. 1998; (15) Bicay et al. 1995; (16) Taylor et al. 2006; (17) 4.89 GHz
data from Ulvestad & Wilson 1984; (18) 4.85 GHz data from Gregory et al. 1994; (19) de Vaucouleurs et al. 1991, RC3 (Third Refer-
ence Catalog of Bright Galaxies), photographic magnitude; (20) 4680 A˚ data from Petrosian et al. 2007; (21) de Vaucouleurs et al. 1991
(RC3), total magnitude; (22) Schweizer & Seitzer 2007; (23) 4480 A˚ data from McAlary et al. 1983; (24) SDSS, g-band (4860 A˚); (25)
Zwicky & Kowal 1968, CGCG (Catalogue of Galaxies and Clusters of Galaxies).
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1998; King 2010). Therefore, it is likely that powerful
AGN-driven outflows can give impacts on NLR clouds
and consequently cause fast shocks in NLRs.
However, the physical origin of such powerful AGN-
driven outflows in the galactic scale is also unknown.
At a smaller spatial scale in AGNs, powerful outflows
are sometimes recognized as the BAL and UFO. Since
BAL features are seen in rest-frame UV spectra and
thus they are observed mainly for high-z quasars (e.g.,
Weymann et al. 1991), we here focus on the UFO that
are seen in rest-frame hard X-ray spectra of nearby
AGNs (e.g., Tombesi et al. 2010). Specifically, the UFO
is identified as a blue-shifted Fe K absorption line,
whose outflowing velocity reaches mildly relativistic val-
ues (> 0.033c). Based on hydrodynamical simulations,
Wagner et al. (2013) showed that the uncollimated UFO
from the central engine of AGNs gives strong feed-
back effects into the ISM in the host galaxy at the
kpc scale, similar to well-collimated radio jets (see, e.g.,
Wagner et al. 2012). Among our sample, 5 objects (NGC
4151, NGC 5506, Mrk 79, Mrk 509, and Mrk 766) show
the UFO feature in their X-ray spectra (Tombesi et al.
2010; Gofford et al. 2013). These objects show rela-
tively low [Fe ii]/[P ii] flux ratios that reach only up
to ∼3, except for NGC 5506 (6.876±0.487) and Mrk
509 (unmeasured). This may suggest that AGNs with
a shock-excited NLR are not necessarily associated with
the UFO feature in their X-ray spectra. Here it should
be noted that the UFO could be still important as a
possible origin of fast shocks in NLRs, because AGNs
without UFO features may possess powerful nuclear out-
flows that are not recognized as UFOs due to various
effects such as the viewing-angle effect and obscuration
effect. A larger sample of AGNs with the measurement
of the [Fe ii]/[P ii] flux ratio and hard X-ray spectra is
needed to investigate possible link between the fast shock
in NLRs and the UFO phenomenon.
Moreover, we discuss another possible candidate for
the origin of fast shocks, that is the wind originated
from the nuclear starburst (e.g., Heckman et al. 1990;
Rich et al. 2010; Ho et al. 2014, 2016). In order to ex-
amine whether the starburst is the main origin of the fast
shock in the NLR or not, we investigate two indicators of
the starburst activity. First, we focus on the far-infrared
luminosity (LFIR), that is a tracer of the starburst activ-
ity in galaxies. We adopt the following definition of the
far-infrared flux (FFIR) to derive LFIR,
FFIR = 1.26× 10
−11(2.58S60µm + S100µm) (3)
where S60µm and S100µm are the IRAS flux densities in Jy
at 60µm and 100µm, respectively (Fullmer & Londsdale
1989; Sanders & Mirabel 1996), and FFIR is given in unit
of erg s−1 cm−2. Since the outflow due to the starburst is
determined by both the starburst activity and the depth
of the gravitational potential of galaxies, we investigate
the far-infrared luminosity normalized by the Ks-band
luminosity (νLν(Ks)), where the latter is derived by the
total Ks magnitude taken from the 2MASS All-Sky Ex-
tended Source Catalog (Skrutskie et al. 2006). Figure 10
shows the relation between the [Fe ii]/[P ii] flux ratio and
LFIR/νLν(Ks), and we find no significant positive corre-
lation. This suggests that the large [Fe ii]/[P ii] flux ratio
is not caused by the starburst activity in host galaxies
Fig. 10.— Relation between the [Fe ii]/[P ii] flux ratio and the
far-infrared luminosity normalized to the Ks luminosity. Symbols
are the same as in Figure 6.
of Seyfert galaxies. Second, we checked the 3.3µm poly-
cyclic aromatic hydrocarbon (PAH) feature which is in-
dicator of the nuclear starburst (e.g., Imanishi & Dudley
2000; Imanishi & Wada 2004). Since the strong PAH
emission is expected for starburst galaxies while the PAH
is destroyed in pure AGNs, we can infer the relative
strength of the starburst to the AGN through the PAH
emission. We collected the 3.3µm PAH data from the lit-
erature (Rodr´ıguez-Ardila & Viegas 2003; Watabe et al.
2008; Oi et al. 2010; Castro et al. 2014). The averages
and standard deviations of the [Fe ii]/[P ii] flux ratio
for the PAH detected objects (7 objects) and undetected
(upper limit) objects (6 objects) in [P ii]-detected sample
are 3.28±1.75 and 3.52±1.04, respectively. Since there
is no systematic difference in the [Fe ii]/[P ii] flux ra-
tio between the PAH-detected and PAH-undetected sam-
ples, the contribution of starburst-driven shocks to the
[Fe ii]/[P ii] flux ratio appears to be negligible. There-
fore, based on the two tracers of the starburst, LFIR and
PAH, we conclude that the starburst is not the primary
origin of fast shocks in NLRs.
5. CONCLUSION
In order to investigate how the fast shock contributes
to the NLR ionization, we have carried out near-infrared
J-band spectroscopic observations of 26 nearby AGNs.
In our analysis, we use the [Fe ii]/[P ii] flux ratio as a
powerful diagnostics of the fast shock in the NLR. Among
the 26 observed AGNs, the [P ii] emission is significantly
detected in 6 AGNs while the [Fe ii] emission is signifi-
cantly detected in 19 AGNs. By adding the data from
the literature, we gather the [Fe ii]/[P ii] flux ratio or its
lower limit for 23 nearby AGNs. Based on this combined
large sample of Seyfert galaxies, we obtain the following
results and conclusions.
1. We find that the [Fe ii]/[P ii] flux ratio in more
than half of Seyfert galaxies in our sample are
consistent to the prediction by the photoionization
model (∼2). However, the three Seyfert galaxies,
NGC 2782, 5005, and Mrk 463 show very large
[Fe ii]/[P ii] flux ratios (&10), suggesting a sig-
nificant contribution of the fast shock in the NLR
excitation.
NIR Spectroscopy of nearby Seyfert Galaxies 13
2. The positive correlation between the [Fe ii]/[P ii]
flux ratio and the [Fe ii]/Pa β reported in the lit-
erature is confirmed in our large sample of Seyfert
galaxies. This also supports the interpretation that
the NLR in AGNs with a large [Fe ii]/[P ii] flux ra-
tio is affected by fast shocks.
3. The positive correlation between the [Fe ii]/[P ii]
flux ratio and the FWHM ratio of [Fe ii] and [P ii] is
found in our sample. This is consistent with the in-
terpretation that the observed [Fe ii] flux in AGNs
with a large [Fe ii]/[P ii] flux ratio is significantly
attributed by shock-excited clouds.
4. The [Fe ii]/[P ii] flux ratio in our sample shows no
clear correlation with the radio loudness nor the
strength of the starburst, suggesting that the radio
jet and the starburst are not the primary origin of
the fast shocks in the NLR.
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